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Abstract
Bio-fuels such as ethanol are good candidates to replace fossil fuels, which are being
depleted, and whose combustion is associated with net production of greenhouse gases and other
environmental issues. However, bio-fuels have low energy densities and can be subject to
incomplete combustion. Boron is a promising additive for bio-fuels in combustion applications.
It can increase their overall heat release and reduce ignition temperature, because boron itself is
among the highest energy density materials.
In this study, different B/rare earth oxide and B/Fe composite nanoparticles were
produced by simple mechanical milling. Also, a new low temperature milling method was
developed to produce these nanoparticles. Three different wet chemical syntheses were also used
to produce composite B/Fe particles with a boron core. In all cases the goal is to keep more of
the boron as elemental (zero valent) prior to combustion. Thermo-gravimetric analysis,
inductively-coupled plasma atomic emission spectroscopy, X-ray diffraction, porosimetry and
small angle X-ray scattering were performed to examime the composite nanoparticles,
determining their elemental (zero valent) boron contents, boron/metal ratios, crystalline
structures, surface areas and particle sizes, respectively.

iv

Chapter 1
Literature Review
1.1. Introduction and project goals
Concerns about the greenhouse effect and the depletion of fossil fuels have caused a
worldwide search for ways to develop alternative (non-fossil fuel) energy sources, such as biofuels, wind, solar, geothermal and hydro tidal energy sources. As conventional petroleum-based
fuels are still dominant today (40% of the world’s use), and alternative energy sources still trivial
(6% of the world’s use) [1], a combination of several possible alternative energy sources will
probably be needed.
Among them, bio-fuels such as ethanol are good candidates for the replacement, because
there are several ways they can be produced, and because they can replace petroleum-based fuels
in internal combustion engines. However, most of the bio-fuels have lower energy densities than
gasoline or diesel or kerosene, which constrains their applications. Thus, increasing the energy
density of bio-fuels has attracted much attention in recent years. Adding certain metal particles
into liquid bio-fuels is promising because energetic metal particles can release a large amount of
energy upon ignition. So the combustion performance of the bio-fuels can be improved, to give
(e.g.) greater energy release [2], faster ignition [3], and lower combustion temperature [4]. The
drawbacks are obvious as well, because metal particles, especially nano-size metal particles, can
be oxidized in air at very mild conditions and yet they can also be difficult to completely burn
due to transport limitations through the oxide layer. Also, they lack recyclability at present; it
will cost even more energy to collect and reduce them back to the zero valent state for reuse.
Finally, if the burnt metal particles are not collected after combustion they will cause
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environmental problems. However, these problems are less limiting in certain specialty
combustion applications, for instance, ramjets.
In a previous study [5], it was shown that boron nanoparticles gave more complete
ethanol combustion than micron-sized particles. Therefore it is crucial to determine how boron
particle size, composition, and agglomeration at the nano-scale affects combustion and heat
release with a typical bio-fuel, like ethanol. In this work, mixtures of elemental boron and rareearth oxide nanoparticles, and mixtures of elemental boron and iron nanoparticles were studied
with the goal of enhancing the combustion of both the ethanol and the boron itself. These
particles have been characterized for size, agglomeration, crystal structure, surface area, and
elemental boron content in order to obtain a better understanding of the effects of particle
morphology and surface chemistry.
1.2. The combustion mechanism of boron
Boron is considered to be a promising fuel additive because it is among the highest
energy density materials, both volumetrically and gravimetrically [6] [7]. But the ignition of
boron can be quite difficult due to its long ignition delay [8] and a naturally formed boron oxide
liquid shell. This boron oxide layer inhibits the combustion process. Yuasa et al studied the
effects of pressure and oxygen concentration on boron combustion and found that in air at 1 atm
the oxide layer melted at ~722 K before the boron core melted (~2350 K) [9]. So there will be a
liquid oxide shell around the solid boron core, and the combustion process will be controlled by
elemental boron diffusion through the liquid shell [10]. One way to eliminate this liquid shell is
vaporization, however, this can be quite hard because the boiling point of B2O3 is ~2316 K [11].
Another possible way to get rid of the shell is rupture, either by collision of the solid particles or
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through internal rupture. As the particle loading is typically low in combustor studies, there is
little possibility for particles to collide.
According to Shpilrain et al. [12], at high temperature the surface tension of B2O3
increases with temperature, which makes it harder for the B2O3 shell to detach. But things may
be different at lower temperatures; Meinköhn et al. [13] claimed that below 1634 K, the oxide
surface layer can be destabilized by punctures and ruptures, due to the positive Marangoni
number of B2O3. The Marangoni number (Mg) is defined as:

Mg =

(1.2.1)

where σ is surface tension, T is temperature, η is viscosity, α is thermal diffusivity, L is a
characteristic length and ∆T is the temperature difference. A positive Mg means that surface
tension will decrease as temperature increases (below 1634 K), and the B2O3 liquid shell
therefore becomes easier to detach as temperature increases.
Boron’s solubility in B2O3 is much higher than that of O2, so the boron oxidation mostly
takes place at the gas-particle interface [11]. However, the B2O3 layer on the boron surface does
not simply desorb, it can also react with the boron core to form B2O2. Since the heat of formation
of

B2O2

(-456

kJ/mol)

is

lower

than

that

of

B2O3

(-836

kJ/mol),

the net heat release will be less unless B2O2 eventually reacts with O2 to form B2O3 [14]. Also,
boron can be converted to other suboxides BxO, (2 < x < 6). Some of these suboxides such as
B6O are exceptionally hard and stable materials at lower temperatures. However, at
approximately 1473 K, a suboxide such as B6O further oxidizes to form B2O3 [15]. So the overall
reaction mechanism consists of the dissolution of boron into the molten B2O3 layer, and then the

-3-

reaction of this dissolved boron to form B6O or similar suboxides, which will decompose at
above 1473 K to produce B2O3 and B2O2, which re-deposit on the surface. Lavrenko et al. [16]
studied the oxidation of BC4 in oxygen and claimed that once the temperature is above 1500 K in
an oxygen pressure at 740 torr, B2O3 will be stripped from the surface of BC4, and the BC4
oxidation will be accelerated.
Karmakar et al. [17] recently investigated the effects of particle size on ignition and
combustion behavior for two distinct size groups of boron nanoparticles. It was observed that the
ignition delay was reduced for nano-sized particles. Nevertheless, the ignition delay was not
eliminated completely even with the implementation of nano-sized boron particles. Also, boron
nanoparticles were completely oxidized in the swirl-type combustor at ~1773 K.
Enhancing boron ignition and combustion has drawn much attention in the recent years.
Ulas et al. [18] fluorinated the boron oxide shell with fluorine itself, which gave reduced burning
times, because fluorine reacts with B2O3 to form a fluoride which is very easy to evaporate.
However, fluorine is toxic and this prevents such a method from being used widely. Yeh et al. [6]
coated the boron particles with a thin layer of easily-ignited metals such as zirconium, titanium,
or magnesium. Van Devener et al. [19] used oleic acid as the surfactant to coat boron
nanoparticles at room temperature, and they claimed that they produced air-stable boron
nanoparticles as determined by XPS measurements. The goal was higher heat release, because
less oxide was present initially. They also tried to use CeO2 as a coating agent to prevent boron
oxidation, as discussed below.
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1.3. Rare earth oxide additives to boron
Rare-earth metals and their oxides are known to be effective combustion catalysts in
many applications, especially CeO2. It is a well-known combustion catalyst, because of its ability
to cycle between the oxidized (Ce4+) and reduced (Ce3+) states rapidly, and the ability to store
and donate oxygen in combustion [20] [21] [22]. Furthermore, according to Hardacre et al. [23],
compared to other conventional catalyst support oxides such as SiO2, Al2O3, MgO and ZrO2 the
mobility of ceria’s surface oxygen is higher. These are the reasons why CeO2 is so widely used
in combustion catalysts. Zhao et al. [24] showed that CeO2 catalyzed the combustion of propane
and butane at a temperature range of 600-900 K, the oxidation rates increasing by 1 and 3 orders
of magnitude, respectively. However, they found that CeO2 showed no significant effect on
methane and ethane. But Si et al. [25] showed they could increase the oxidation rate of methane
in the presence of Ce, La, and other rare-earth oxides. Damyanova et al. [26] found that CeO2
reduces coke formation and catalyzes a more complete combustion of methane when introduced
into a Pt catalyst supported on Al2O3. Van Devener et al. [19] also successfully reduced the onset
temperature of oxidation and increased the combustion of JP-10 fuel by 20% in the presence of
CeO2 nanoparticles. Complete combustion occurred at 1115 K and 1200 K with and without
CeO2, respectively. Aneggi et al. [22] mixed different alkali metals such as K, Cs, Na, and Rb
with CeO2, and found that the effectiveness of CeO2 in catalyzing diesel oxidation was improved.
In the presence of 10% K, the oxidation temperature was lowered by 40 K. The activity of the
catalyst was shown to be dependent on the nature of the alkali metal and its loading.
All of these studies have shown the ability of rare-earth oxides, especially CeO2, to
enhance overall combustion of different types of fuels. Another big advantage for the rare-earth
oxides is that they can be synthesized in different size ranges easily.
-5-

1.4. Metal additives to boron
Mixing metal nanoparticles with a low ignition temperature such as Ti [8], Al [27], and
Fe with boron is another possible way to enhance boron combustion, because these metal
nanoparticles will release heat at the ignition stage of boron combustion. They can also conduct
oxygen ions to the boron surface to accelerate boron oxidation.
In this study, Fe nanoparticles were used to form B/Fe composites to try to enhance boron
combustion characters. In order to produce B/Fe composites, both mechanical milling (both
room temperature milling and low temperature milling using dry ice) and wet chemical coreshell syntheses (boron as core and iron as shell) have been tried. The goal of these synthesis
methods is to coat boron with an iron shell while keeping as much elemental (zero valent) boron
content as possible. Ball milling methods have been used by many researchers to produce
smaller sized particles. Van Devener et al. [4] produced a narrow size distribution of boron
nanoparticles (40-60 nm) by ball milling. Oliker et al. [28] produced Ti-Al-B alloys by ball
milling in air and found that various aluminum and titanium oxides will dominate the composite
with longer milling times. A low temperature milling method using dry ice was developed here,
because room temperature milling (even in a mostly N2 environment) will cause locally high
temperatures by friction of the solid particles [29], and so form either metal alloys or oxides.
Wet chemical syntheses to produce core-shell nanostructured composites were also tried
in this study. The goal is to coat a Fe shell on the boron nanoparticle cores such that the Fe shell
will burn prior to boron, supplying enough heat to ignite the boron more rapidly. Three kinds of
core-shell structure composites were synthesized based on the adaptations of others’ work [30]
[31] [32]. Shen et al. [30] used KBH4 as the reducing agent to reduce the ferrous ion in FeSO4 to
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produce Fe-B ultra-fine amorphous alloy particles, with the particle size being ~35 nm. Yuan et
al. [31] used KBH4 to reduce FeCl2 to produce Fe nanoparticles and also hydrolyzed
tetraethylorthosilicate (TEOS) in ethanol/water solution to produce a Si-O-Si-O layer on the Fe
nanoparticles. The particle size was 10−40 nm with the SiO2 layer. They used XRD to
characterize the particles and found α-Fe, FexOy and SiO2, however, there might be still some
amorphous Fe/B composite in the core. Tartaj et al. [32] used ammonia catalyzed hydrolysis of
TEOS in water-in-oil microemulsions followed by a gas-solid reduction. In their system, TEOS
molecules were dissolved in an external oil phase, and interacted with water within micellar
aggregates to produce hydrolyzed Si-OH groups and to coat the Fe(OH)2 core. Then the core
was reduced to Fe in H2, giving particles of ~50 nm. To verify the completion of the reduction,
they used Mossbauer spectroscopy to find α-Fe and Fe2+ cations located in an environment
similar to that of Fe2SiO4.
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Chapter 2
Experimental Methods
2.1. Sample preparations
2.1.1. Mechanically milled composites
The boron nanoparticles used (SB86-bulk, 85.4 atom% elemental , zero valent boron by
thermogravimetric analysis) [5] were purchased from SB Corporation. They are prepared by
plasma synthesis with Mg as the reducing agent and so also contain 3 wt% Mg [5]. The Fe
nanoparticles (89.7 atom% elemental, zero valent iron, measured by thermogravimetric analysis
in this study) were purchased from Sky Spring Nanomaterials Inc. The CeO2 nanoparticle
powder was purchased from Inframat Advanced Materials.
The SB86-bulk nanoparticles were used as feedstock for the ball-milled samples. The
final ball-milled samples (SB86-bm, 80B+20REOM-bm, 95B+5REOM-bm, 80B+20CeO2-bm,
60B+40CeO2-bm and 80B+20Fe-bm, the numbers denote the wt%’s of each material used) were
prepared by a method developed in the previous study [5], by milling SB86-bulk in a glove box
(N2 environment) for 6 h using 440 nitronic stainless steel balls at a ball mass/particle mass ratio
of 5. Variations on this method (milling time, ball mass/particle ratio) in trial runs were
employed before deciding upon the final procedure. The basis for selecting the optimum method
was to keep the elemental boron content close to that of SB86-bulk while sufficiently mixing
boron with the other components.
In this study, an alternate low-temperature milling method using dry ice was developed.
Either SB86-bulk or a mixture of SB-86-bulk and Fe nanoparticles were loaded into a Haake
high shear mixer (model Rheomix 600) attached to a Haake Rheocord 90 torque rheometer. The
mixer has an approximate volume of 77 mL. Dry ice was loaded first in order to fill and cool the
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chamber, then the particles were loaded after the chamber had cooled and some of the CO2
evaporated. Stirring with a pair of stainless steel Banbury rotors at 100 rpm for 1 h, powered dry
ice mixed with a small amount of acetone was added continuously into the chamber during the
stirring. A temperature of ~-26℃ was measured by a K-type thermocouple attached to the outer
surface of the chamber. The particles were bottled immediately after agitation, and transferred to
a glove box filled with N2, and then the sample bottle was uncapped to allow the residual acetone
and dry ice to vaporize inside the glove box.
2.1.2. Templated sol-gel procedure
REOM-41 contains CeO₂, La₂O₃, and Gd₂O₃ with molar ratios Ce/La of 3 and Ce/Gd of
80. It was prepared by a templated sol-gel procedure developed elsewhere [33]. To a 4 L reactor
(model 08735, New Brunswick) was added 84 g (NH4)2Ce(NO3)6 (99%, Alfa Aesar), 18.3 g
La(NO3)36H2O (99.9%, Alfa Aesar), 0.6 g GdCl36H2O (99%, Sigma-Aldrich), 4 mL of
TMA(OH) surfactant (25% in methanol, Sigma-Aldrich) and 3 L DI water. Aqueous ammonia
(28-30 wt% NH3, Sigma-Aldrich) was added to adjust the pH to ~10.3. The temperature of the
solution was kept at near 85℃ by a circulating water bath (model EX-110, Neslab). The
solution was stirred for 4 days. The pH was checked twice per day and brought back to
~10.3 with aqueous NH3. The water level of the reactor was also brought back to the initial
height using DI water. At completion, the solution was centrifuged (5000 rpm, 5 min) and
washed with acetone and DI water several times. The particles obtained were dried at 100℃
in a laboratory oven overnight and then calcined in flowing air (200 mL/min) at 500℃ for
6 h.
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2.1.3. Core-shell nanoparticle syntheses
The methods used here were adapted from core-shell nanoparticle syntheses developed
elsewhere as referenced in Ch. 1. Modifications were made to give the desired particles. I
targeted 5 g for each final product, and the sample names include the last name of the first author
on the paper first describing the technique.
Shen-CS: This method was adapted from a synthesis for B-Fe composite nanoparticles.
Two solutions, 100 mL of 0.2 M KBH4 (98%, Alfa Aesar) and 100 mL 0.1 M FeSO4 (99%, Alfa
Aesar) were prepared, with the pH of the KBH4 solution adjusted to 12 with dilute NaOH
solution (10 wt%). Then 0.02 g 1-octadecanol (97%, Alfa Aesar) and 4.51 g SB86-bulk particles
were added to the NaOH/KBH4 solution while purging with N2. The FeSO4 solution was added
dropwise to the NaOH/KBH4 solution while stirring. The addition took place over 30 min. This
solution was stirred for 2 h. At completion the reaction mixture was centrifuged (5000 rpm, 5
min) and washed with DI water and ethanol several times. Finally it was dried under vacuum at
70 ˚C for 1 h.
Tartaj-CS: A micro-emulsion was prepared by adding 176 mL of heptane (99%, Aldrich),
14 g Igepal CO-520 surfactant (Aldrich) and 1.85 g FeCl2 (98%, Matheson Coleman & Bell)
together. The FeCl2 was dissolved in a small amount of DI water prior to mixing with the
emulsion. The mixture was stirred vigorously until it became homogeneous. Then 4.6 mL of
aqueous ammonia (NH3 28-30 wt%, Fisher Scientific) and 4.6 g of SB-86-bulk was added into
the mixture, so that the final composition of the mixture was: 0.051 M FeCl2, 0.386 M NH3,
0.260 M Igepal and 6.565 M Heptane. Finally, the mixture was stirred for 4 days at room
temperature. The whole apparatus was purged with N2 all the time.
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The mixture was filtered and washed with CH2Cl2 twice and ethanol/water 3 times,
followed by refluxing it in ethanol (94-96%, Alfa Aesar) under continuous stirring at 75˚C for 1
day. After refluxing, the mixture was centrifuged (6000 rpm, 8 min) and washed with
ethanol/water several times, and dried under vacuum at 70˚C for 1 h.
Different reducing conditions (500℃ for 5 h; 500℃ for 3 h; 300℃ for 4 h; 200℃ for 4
h; 250℃ for 4 h) for this product were tested using pure flowing H2 in a Perkin-Elmer thermogravimetric analyzer (TGA7); the goal of these tests was to seek optimal conditions to reduce
Fe(OH)2 into Fe metal (zero valent) while keeping boron from being oxidized by the tiny amount
of O2 in H2.
Yuan-CS: Two solutions were prepared, the first one containing 130 mL solvent
(ethanol/water, vol. ratio 10:1), with 0.06 M sodium dodecylsulfate (technical grade, Matheson,
Coleman & Bell) and 0.07 M FeCl2 (98%, Matheson, Coleman & Bell), the second one
containing 50 mL (ethanol/water, vol. ratio 4:1) with 0.56 M KBH4 (98%, Alfa Aesar) . Both of
the solutions were degassed by N2 using a bubbler. The two solutions were mixed together and
4.5 g SB86-bulk was added. The mixture was heated to 45˚C and stirred for 2 h. The whole
apparatus was purged with N2 all the time. The mixture was centrifuged (5000 rpm, 5min) and
washed with ethanol and DI water several times, and finally dried under vacuum at 70˚C for 1 h.
2.2. Characterization
Elemental (zero valent) boron contents were determined by temperature programmed
oxidation (TPO) using a Perkin-Elmer thermo-gravimetric analyzer (TGA7). All samples were
treated by heating from 50 to 250˚C in helium with a ramp of 10˚C per min and holding at 250˚C
for 20 min, then 250 to 800˚C in air with a ramp of 5˚C per minute and holding at 800˚C for 690
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min. Also, a high-temperature TGA (model TG/DTA7300, SII Nanotechnology Inc.) was used
for selected samples to verify the maximum elemental boron content. In these experiments, the
particles were heated to 1100˚C with a ramp of 10˚C per min with a hold at 1100˚C for 420 min.
The particle surface areas were calculated from the adsorption branch of the N2 isotherm
by the BET method, using points below P/Psat = 0.3. The porosimeter was a Quantachrome AS-1.
Powder X-ray diffraction (XRD) data were collected at either the LSU Materials
Characterization Center (MCC) or at the LSU Center for Advanced Microstructures and Devices
(CAMD). At MCC, the diffractograms were collected on a Rigaku Mini-Flex diffractometer
using Cu K radiation. All samples were analyzed at 2θ values from 20º to 80º (except for SB86bm, which was analyzed from 15ºto 70º), with a step size of 0.02º, and a rate of 1˚/min. At
CAMD, data were collected with a Huber four-circle goniometer and a Canberra detector.
Radiation close to 8.04 keV (Cu Kα) was obtained by tuning the double crystal monochromator
so that 2θ corrections were not necessary. Samples were analyzed at 2θ values from 15º to 80º
with a step size of 0.02˚ at 0.1˚/min. In both cases, data analysis was performed using MDI’s
Jade software with background removal.
Small angle X-ray scattering (SAXS) was used to determine spherical particle size
distribution. Samples of the composites were suspended in ethanol with an approximate loading
of 0.01g/mL, and were agitated by a micro stir bar for 1 h prior to flame sealing into capillary
tubes. The capillary tubes are 1 mm in diameter and 1/100 mm wall thickness. Pure ethanol in a
similar tube was used to measure the background. The SAXS photon energy for this study is
8000 eV using synchrotron radiation as the source. The scattering pattern was imaged by a
Gabriel style multiwire gas detector with a 200 mm active diameter and a resolution of 200-250
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μm FWHM in a 1024 x 1024 array. There are 3 pinholes, 0.2, 0.4, and 0.8 mm diameter prior to
the camera.
The particle size distributions were obtained using Irena Macros (Version 2.31, Igor 6
compatible) after subtracting the normalized intensity of the background (e.g., ethanol in the
capillary tube) from the normalized intensity of the sample. At least two acquisitions were
performed on each sample to verify the reproducibility. The total acquisition counts were around
1 million for each sample.
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Chapter 3
Results and Discussion
3.1. Elemental compositions and particle properties
Multiple temperature-programmed oxidation TGA runs were performed on each sample
to make sure that the elemental boron contents were reproducible. Also, the core-shell syntheses
were conducted more than once (3 times for Tartaj-CS and Shen-CS, 2 times for Yuan-CS) to
optimize the experimental procedure. The goal was to get the highest yield and at the same time
seek the highest elemental boron content. The first batches of Tartaj-CS and Shen-CS resulted in
low yields (~18 %) due to excessive losses in the washing and cleaning steps. The second
batches of Shen-CS and Tartaj-CS and first batch of Yuan-CS gave 75, 71 and 74 atom%
elemental boron contents, respectively. These are slightly lower than the best results obtained in
this study (presented in Table 1), possibly caused by the long reaction times used (4 days).
During this long period, small amounts of O2 in the solution (although the apparatus were purged
with N2 all the time) could have oxidized some of the boron. Also, too much acid used in
dissolving the FeCl2 for Tartaj-CS might have caused less Fe to precipitate in the final product.
Therefore shorter reaction times (~ 2 h) were used for all of the syntheses, and less acid
was used for Tartaj-CS. With these modifications the results were improved to give the
elemental boron contents shown in Table 1, while also improving the final yields for all three
syntheses to above 90%.
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Table 1. Sample names, compositions and surface areas
Name

Composition1

Fe nanoparticles

Yield
(%)

Surface
area,
m2/g

100% Fe

NA

Al nanoparticles

100% Al

SB86-bm6
SB86-dryice7
REOM-41
80B+20REOMbm
95B+5REOM-bm
CeO2-bulk
80B+20CeO2dryice
80B+20CeO2-bm
60B+40CeO2-bm
80B+20Fe-bm
80B+20Al-bm
80B+20Fe-dryice
SB95+Fe-dryice
Shen-CS8
Yuan-CS
Tartaj-CS
Tartaj-CS - no
reduction
B+Fe-Sh-CS
1
Wt%.

NA

Elementa
l boron
content at
800˚C2
903

Elemental
boron
content at
1100˚C4
NA

NA

NA

715

NA

SB86 boron

94

38

82

NA

SB86
1% Gd2O3, 24.6%
La2O3, 74.4% CeO2
80 % boron + 20%
REOM-41
95 % boron + 5%
REOM-41
CeO2 nanoparticles
80% boron + 20%
CeO2
80% boron + 20%
CeO2
60% boron + 40%
CeO2
80% boron + 20% Fe
80% boron + 20% Al
80% boron + 20% Fe
43% boron (SB95) +
57% Fe
90% boron + 10% Fe
90% boron + 10% Fe
90% boron + 10% Fe
90% boron + 10% Fe

90
97

31
120

82
NA

NA
NA

95

53

79

NA

94

40

79

NA

NA
89

38
NA

NA
84

NA
NA

95

37

78

NA

96

38

82

NA

95
95
91
88

17
NA
26
NA

64
90
76
67

69
NA
NA
NA

92
93
90
91

42
32
49
NA

76
77
74
68

80
NA
NA
NA

35

NA

49

NA

50% boron + 50% Fe

2

Elemental boron (zero valent) content (atom %), as a percentage of the total boron, calculated
using TGA1.
3

Elemental iron (zero valent) content (atom %), as a percentage of the total iron, calculated using
TGA1.
(Table 1 notes continue)
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4

Elemental boron (zero valent) content (atom %), as a percentage of the total boron, calculated
using TGA2.
5

Elemental Al (zero valent) content (atom %), as a percentage of the total Al, calculated using
TGA1.
6

bm = ball-milled

7

dryice = milled with dry ice in high shear mixer

8

CS = core-shell, second metal precipitated around boron core
Table 1 shows the basic properties of the composite nanoparticles from the more

successful syntheses. The elemental boron content data in the fourth and fifth columns were
calculated by different equations, depending upon whether the synthesis was “dry” (mixing solid
components) or “wet” (involving a reduction reaction in solution). Equation 3.1.1 was used to
analyze the TGA data for the dry syntheses of B/CeO2，B/REO and boron only particles, e.g.
SB86-bm, SB86-dryice. It assumes that, initially, the boron in the particles is either elemental or
in the +3 oxidation state as B2O3, and that in the TGA the remaining elemental boron is oxidized
to the +3 oxidation state.

Elemental boron content (atom %) =

(

) (

)

(3.1.1)

Where Z stands for the initial weight of B2O3 in the TGA load, and it was calculated by eq. 3.1.2:

Z = Wmin*ω1 - (

)*

(3.1.2)

M1 and M2 are molecular weights for boron and BO1.5 respectively; Wmax and Wmin are the
maximum and minimum weights found in a run, assuming this minimum weight corresponds to
dry particles; ω1 is the total wt fraction of boron and boron oxide in the sample.
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Equation 3.1.3 was used to analyze the data for the dry synthesized B/Fe particles, e.g.
80B+20Fe-bm, 80B+20Fe-dryice and SB95+Fe-dryice, assuming that, initially, boron and iron
particles are either elemental or in the +3 oxidation state (B2O3 for boron and Fe2O3 for iron).
The fraction of Fe which is elemental (zero-valent) was measured to be 90 atom%, as the
percentage of the total iron (see Table 1):

Elemental boron content (atom %) =

(3.1.3)

Where Y stands for moles of elemental boron present in the load, and it was calculated as:



Y=

Where

(3.1.4)

ω2 is wt fraction of Fe + Fe2O3 in the TGA load; M2, Wmax and Wmin are the same as

stated previously; and αFe is the wt fraction of elemental Fe, as a percentage of the iron and iron
oxide. The Fe value was calculated as follows:

Fe =

(3.1.5)

where M3 is the molecular weight of Fe, M4 is the molecular weight for FeO1.5, and

is the

elemental Fe content in atom % for the Fe particles, as a percentage of the total iron content.
Replacing

, M3, M4, Fe and Fe with the corresponding quantities for Al and Al2O3 enabled

calculation of the elemental boron content in 80B+20Al-bm. From Table 1,

= 71%.
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= 90% and

Equations 3.1.6-3.1.8 were used to analyze the data for the wet syntheses of core-shell
B/Fe particles. It was obtained based on the assumptions that: (1) initially, boron particles are
either elemental or in the +3 oxidation state as B2O3; (2) equal fractions of the Fe salts and boron
were reduced; (3) the maximum weight is composed only of B2O3 and Fe2O3. The assumptions
can be mathematically written as:

Wmax - Wmin = X*

φ*(M2 – M1)*(1 + R)

(3.1.6)

Where R is the expected Fe/B atomic ratio obtained from the synthesis data presented in Table 3;
X stands for the total moles of boron and BO1.5 in the TGA load. Here, φ is the elemental boron
content (atom %), the desired quantity. Solving eq. 3.1.6 gives

φ

(atom %) =

(3.1.7)

The value of X was calculated from the maximum weight, as:
Wmax = X*(M2 + R*M4)

(3.1.8)

Wmax, M2 and M4 are the same as stated previously.
The temperature-programmed oxidation TGA results are shown in Figures 1 (TGA1) and 2
(TGA2).

- 18 -

(a)

Figure 1. Temperature-programmed oxidation TGA results, using TGA1 with a maximum
temperature of 800˚C. (a) Boron only nanoparticles, (b) B/Ce and B/REOM composite
nanoparticles, (c) B/Fe ball milled and dry ice milled and B/Al ball milled composite
nanoparticles, (d) Core-shell B/Fe composite particles.
(b)

(Figure 1 continues)
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(c)

(d)

Note that the assumption of equal percentage reductions in the wet synthesized B/Fe
composites is approximate only.

While one might expect the boron to retain its average

oxidation state, the results from the dry syntheses showing oxygen transfer from FeOx (see below)
makes this the best approximation possible. Also note that without some assumption relating the
two reductions, it is impossible to determine the elemental B content from the temperatureprogrammed oxidation TGA data.
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Figure 2. Temperature-programmed oxidation TGA results for Shen-CS and 80B+20Fe-bm,
both low temperature (to 800˚C) using TGA1 and high temperature (to 1100˚C) using TGA2
SB86-bulk shows the highest elemental boron content of the simple nanoparticles,
followed by SB86-dryice and SB86-bm, which are roughly equal. So there appears to be no
significant difference in the final products between the ball milling and the dry ice milling
methods in compositing boron nanoparticles.
However, the core-shell wet synthesis particles (Shen-CS, Yuan-CS and Tartaj-CS) have
much higher elemental boron contents than 80B+20Fe-bm. Yuan-CS, Shen-CS and 80B+20Fedryice have almost the same elemental boron contents, while for Tartaj-CS it is slightly lower,
and B+Fe-Sh-CS has the lowest elemental boron content. The elemental boron contents for
Tartaj-CS varied from 57-74 atom% under different reduction conditions; these results are shown
in Table 2. The optimal reduction condition found in this study was the mildest used, 250˚C for 4
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h in H2. According to the TGA studies, higher reduction temperature (above 300˚C), while
possibly reducing more Fe, actually caused more boron to become or remain oxidized. This
could be due to a catalyzed oxygen transfer from the iron to the boron, or it could be that the
higher reduction temperatures result in a more stable, harder to oxidize, Fe-B composite.
Therefore it can be concluded that the Yuan and Shen synthesis methods, as adapted here, are
probably more reliable than the Tartaj method in producing B-Fe core-shell particles with a high
fraction of elemental, easy to oxidize, boron.
Table 2. Results of reduction tests for Tartaj-CS

1

Reducing condition

Elemental boron content, atom %1

Unreduced

68

Hold 100, 200, 300˚C 1 h each in H2

68

Hold 200, 300, 400˚C 1 h each in H2

69

Hold 500, 600, 700˚C 2 h each in H2

57

Hold 250˚C for 4 h in H2

74

Obtained using TGA1, holding at 800˚C for 690 min in air.
The relatively low elemental boron content of 80B+20Fe-bm is surprising considering the

similar nature of SB86-bm and SB86-dryice. It can be concluded that the iron helps catalyze the
boron oxidation at room temperature, even in the reduced O2 atmosphere of the glove box.
Another possibility is discussed later after the XRD data are presented. But the main conclusion
is that the dry ice milling method used to synthesize B/Fe composites is superior to the ball
milling method because it results in a higher elemental boron content, so more boron is available
for combustion.
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80B+20Al-bm particles show higher elemental boron contents (Fig. 1c) than all of the
B/Fe particles. Meanwhile, SB95+Fe-dryice shows a lower elemental boron content than
80B+20Fe-dryice, but this is partly caused by the naturally lower elemental boron content of
SB95 (~76 atom%) [5], and also the high Fe content (57 wt%). It is easier to oxidize the Fe in
the atmosphere at low temperature. Note that for the B/REO composites, when the CeO2 content
was increased from 5 to 40%, the total amount of elemental boron in the composite decreased
slightly. This could be because with a higher wt % of cerium oxide there is more oxidation
taking place during the milling process. This decrease in elemental boron was accompanied by a
decrease in the intensity of BO2 chemiluniscence in a swirl-type combustor [17]. Some oxidation
during the milling process is also the reason why SB86-bulk (unmilled) has a higher elemental
boron content (88.1 atom%) [5] than either the ball milled or the dry ice milled boron particles.
Note that 80B+20CeO2-dryice has a higher elemental boron content than 80B+20CeO2-bm,
which is in agreement with the behavior of the B/Fe composites
In Figure 1, the weight for the nanoparticles is still increasing (in some cases, very
slightly) even at the end of the run, which indicates there are still residues of elemental boron in
the samples; note that both Ce and Fe are more easily oxidized than B. In order to better
determine the maximum elemental boron content, a higher temperature TPO (using TGA2) was
performed for selected samples of 80B+20Fe-bm and Shen-CS. As Figure 2 shows, the weight
percentage increase for Shen-CS and 80B+20Fe-bm was ~7% higher than with TGA1 at 800℃.
So there is roughly 4-5% additional elemental B (see Table 1) in the composites which could
only be oxidized at higher temperature. However, this boron might also be difficult to burn in a
typical combustor, due to its short residence time. The weight reached a maximum after 240 min
at 1100ºC, but after that B2O3 evaporated gradually, which caused the weight to decrease.
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The weight increases for all the B/Fe and boron particles are in general faster than those
of the B/REO particles in Figure 1. However, as shown in Figure 3, the maximum derivative
peaks for boron and the B/CeO2 nanoparicles are at ~792 and 747ºC, respectively, and B/REOM
behaves similarly to B/CeO2. So while the addition of CeO2 might be expected to lower the
ignition temperature of boron, once ignited it might not burn faster. However, for the B/Fe
particles, there is a minor derivative peak at ~346ºC followed by a major peak at ~567ºC (Fig. 3).
This result was further confirmed by differential scanning calorimetry (DSC) coupled with high
temperature TGA in Fig. 3b, which shows a small exothermic peak at ~343 ºC and a major
exothermic peak at ~582 ºC. It is seen from Fig. 3a that the primary combustion ignition
temperature for B/Fe particles is 225 and 180 ºC lower (based on the major peaks of the
combustion) than that of the boron or boron/REO composite, respectively. Note that the
temperature for the major peak for Fe nanoparticles (~380 ºC) agrees with the temperature for
the first minor peak of 80B+20Fe-bm. This means that some of the Fe, present as a shell or
separate phase, burns before boron and causes locally high temperatures. Then it might be
expected that the combustion of boron would be accelerated, as observed in Fig. 3.
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(a)

Figure 3. Temperature-programmed oxidation derivative TGA data. (a) TGA weight derivative
data, (b) DSC data for 80B+20Fe-bm.
(b)
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3.2. Inductively-coupled plasma atomic emission spectroscopy (ICP)
ICP analyses were performed on samples from both wet and dry (dry ice milling, ball
milling) syntheses to determine the B/metal molar ratios. These ratios (column labeled
“experimental”) are shown in Table 3. The expected ratios in Table 3 are calculated from the
amounts of boron and other metal actually used in the synthesis. For the “ICP formula” column
in Table 3, it was assumed that the remaining sample weight in the ICP analysis was due to
oxygen only. The “TGA formula” column is explained below the table.
For the TGA computed formulas, the B/metal atomic ratios were calculated from the
actual amounts of nanoparticles or metal salts used to make the final product, assuming that none
of the NaBH4 (if used as a reagent) was reduced all the way to elemental boron. Eqs. 3.2.1 and
3.2.2 were used to calculate the B/Fe and B/Ce atomic ratios, respectively. The B/Al ratio in
80B+20Al-bm was obtained like the B/Fe ratio by replacing M3, M4,

, and

with the

corresponding quantities for Al.

B/Fe =

(

)

(

)

B/Ce = (R’)-1 =

(3.2.1)

(3.2.2)
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Table 3. ICP results with calculated formulas based on ICP or TGA data
Sample name

ICP

expected

experimental

experiment

B /metal

B/ metal

1

B/Fe: 36

B/Fe: 48

B48FeO10

B36FeO11

2

B/Fe: 36

B/Fe: 47

B47FeO11

B36FeO11

Yuan-CS

1

B/Fe: 35

B/Fe: 53

B53FeO2.4

B35FeO13

Tartaj-CS

1

B/Fe: 36

B/Fe: 44

B44FeO3.3

B36FeO18

Tartaj-CS- no

1

B/Fe: 36

B/Fe: 44

B44FeO2.5

B36FeO18

B+Fe-Sh-CS

1

B/Fe: 2

B/Fe: 0.98

B0.98FeO1.4

B2FeO2.3

80B+20Fe-bm

1

B/Fe: 17

B/Fe: 24

B24FeO4.0

B17FeO0.81

2

B/Fe: 17

B/Fe: 25

B25FeO31

B17FeO0.81

3

B/Fe: 17

B/Fe: 25

B25FeO2.4

B17FeO0.81

4

B/Fe: 17

B/Fe: 16

B16FeO0.7

B17FeO0.81

5

B/Fe: 17

B/Fe: 35

B35FeO7

B17FeO0.81

80B+20Fe-

1

B/Fe: 18

B/Fe: 24

B24FeO4.5

B18FeO1.1

dryice

2

B/Fe: 18

B/Fe: 23

B23FeO4.6

B18FeO1.1

SB95+Fe-

1

B/Fe: 3.3

B/Fe: 3.8

B3.8FeO0.27

B3.3FeO0.96

80B+20Al-bm

1

B/Al: 9.9

B/Al: 8.1

B8.1AlO0.52

B9.9AlO2.1

80B+20CeO2-

1

B/Ce: 50

B/Ce: 69

B69CeO17

B50CeO18

2

B/Ce: 50

B/Ce: 79

B79CeO15

B50CeO18

1

B/Ce: 48

B/Ce: 53

B53CeO19

B48CeO14

1

NA

NA

BO0.30

BO0.22

2

NA

NA

BO0.33

BO0.22

Shen-CS

ICP formula

TGA
formula 1

reduction

dryice

bm
80B+20CeO2dryice
SB86-bulk

1

These formulas were obtained from the TGA data and the expected B/metal ratios. The
calculation methods are discussed below.
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The O/Fe atomic ratios were calculated from the TGA data using eqs. 3.2.3 and 3.2.4,
making the same assumptions used in deriving eq. 3.1.3.

O/Fe = 1.5*(

/(

)

(3.2.3)

Where ξ is total moles of elemental boron and iron in the TGA load, calculated as:

(3.2.4)

Equation 3.2.5 was used for the O/Ce atomic ratios, assuming the CeO2 particles were entirely
CeO2.

O/Ce =

Here

are the same as previously;

+2

(3.2.5)

is the wt fraction of CeO2 in the sample;

is

the elemental boron content in atom% for the boron nanoparticles, as a percentage of the total
boron content (Table 1), Y is calculated using 3.1.4, and MCeO2 is the molecular weight of
CeO2 .
As Table 3 shows, the ICP B/metal ratios are generally higher than the expected B/metal
ratios, even for the dry synthesized particles. The ratio of the ratios, ICP/expect are averaged
1.35±0.27 for Fe/B. Since there was no visible particle loss during the dry syntheses, the
expected B/metal ratios should be more accurate than the ICP ratios, and therefore the oxygen
contents calculated from the TGA data should also be more accurate. The similar bias in the
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B/Ce ratios (ICP vs. expected) suggests that the ICP calibration for boron is not accurate. This
bias could arise from metal-metal interference in the binary solutions. Interference would not be
present in the calibration standards, which are composed of a single metal only.
The yields for the core-shell Fe/B synthesized particles are high (all above 90 %). The
TGAs for these samples show an obvious presence of Fe (Fig. 1d, Fig. 2). Furthermore, the ratio
deviations are almost the same for wet as for the dry synthesized particles. So the expected
(TGA-based) formulas should also be more accurate. In the future either the calibration should
be redone based on binary metal solutions, or the ICP-calculated ratios should be adjusted
downward by roughly 35%.
The oxygen contents in the ICP-derived formulas were obtained by subtracting the total
calculated boron and metal weights in each solution from the initial sample weight. Therefore
any deviation in measuring either the boron or the second metal concentrations will result in a
large difference in the oxygen content when comparing to the TGA-derived formulas. Also all of
the particles didn’t burn completely in TGA 1, so there could be as much as a 7 atom% higher
computed oxygen content in the TGA-computed formulas that is not actually present.
3.3 Small angle X-ray scattering (SAXS)
SAXS was performed to try to find the average size and size distribution for the particles.
In SAXS, the intensity I(Q) is a function of the scattering vector Q, as shown below:
∫

where

(3.3.1)

is the contrast; F(Q, r) is the scattering form factor, V(r) is particle volume; N is

total number of scattering particles; P(r) is the probability of occurrence of a scatterer of size r.
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Therefore it is seen that if a geometric form factor F(Q, r) is assumed, it should be possible to
compute the size probability density function P(r) by examining the variation of I(Q) with
respect to Q. The calculations were performed using standard software contained in the package
Irena Macros (Version 2.31) [34] [35] [36] [37]. The particle intensity was obtained by
subtracting the normalized background intensity (e.g., ethanol) from the normalized sample
intensity (e.g., particles dispersed in ethanol):
Particle intensity = α1*sample intensity – α2*background intensity

(3.3.2)

Where α1 and α2 are correction factors for the sample intensity and background intensity
respectively. They are used to eliminate the differences in intensity caused by the reduction of
the beam current during the measurements. The correction factor (either 1 or 2) is defined
below:

α=

(3.3.3)

Where PDint is the integrated photon density throughout the measurement, and PDdark is the
photon density for the dark background (no beam current). Figure 4 shows the typical SAXS
intensity vs. Q-value plots and their corresponding Guinier analysis regions (Guinier regions are
between the two arrows shown in the plots). At least 2 runs were performed for each of the
samples except for SB86-bulk.
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(a)

Figure 4. Photon intensity with respect to scattering vector plots. (a) SB86-bulk, (b) SB86dryice, (c) CeO2-bulk, (d) 60B+40CeO2-bm, (e) Yuan-CS

(b)

(Figure 4 continues)
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(c)

(d)

(Figure 4 continues)
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(e)

The Q value was initially set to be from 0.07 to 1.40 nm-1 for all samples (except for
SB86-bulk, where it was set from 0.07 to 0. 47 nm-1, because the high Q region showed too
much noise) to avoid artifact peaks caused by the beam stop at low Q. The particle shape model
used in this study was spheroid with the aspect ratio set to 1, and 3-point smoothing was used.
Guinier analysis for the average radius of gyration was performed, assuming the particles are
isotropic and non-crystalline. So CeO2-bulk does not qualify for Guinier analysis, because the
peaks in the CeO2-bulk runs may indicate some long range order or a mesoporous structure for
the CeO2-bulk particles, or both. The D-spacing (calculated as: D-spacing =

) for the first

peak in the first run of CeO2-bulk is 71 nm, and for the first, second and third peaks in the second
run for CeO2-bulk are 46, 22 and 10 nm respectively. The second run has a much higher
scattering intensity and so these data should be more accurate. The first run for 60B-40CeO2-bm
also has a much higher scattering intensity and so is more accurate.
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The Guinier equation is:

Ln(I(Q)) = Ln(I0) - (

)*Q2

(3.3.4)

Where, I0 is the extrapolated intensity at zero scattering angle and Rg is the particle radius of
gyration. Guinier analysis is a trial and error process; one chooses a trial Q region, finds the
linear regression equation corresponding to this region, calculates the R g value from the slope of
the linear regression equation, and then compares the Q region and 1/Rg. The process is
continued until the Q region used in the regression is less than 1/R g [38]. With these regression
regions, the correlation coefficient for SB86-bulk was 0.995; for the first and second runs of
SB86-dryice they were 0.982 and 0.990; for the first and second runs of 60B+40CeO2-bm 0.986
and 0.955; and for both the first and second runs of Yuan-CS 0.986. All the Guinier fits are good
except for the second run of 60B+40CeO2-bulk, so only the first run was used to determine the
size distribution. Also, the Guinier analysis validity was checked using equations 3.3.5 and 3.3.6
[38], and all of the analyses are valid.

< 0.4

> 0.1

(3.3.5)

(3.3.6)

The size distributions were obtained using Irena Macros by the method of maximum
entropy [39], which was developed assuming that all sizes of the scatterer have the same
scattering contrast and morphology (shape, degree of interaction, aspect ratio, orientation etc.).
- 34 -

The volume size density functions P(r) calculated from eq. 3.3.1 are plotted in Figure 5. These
were obtained by fitting the scattering function I(Q) calculated from trial distribution to the
measured data, and then revising the amplitude of the trial distribution based upon the constraint,
which is that the configuration entropy of the size distribution must be maximized. The results in
Figure 5 only include runs with large Guinier regions and correlation coefficients greater than
0.980.

(a)

Figure 5. Size distribution results. (a) SB86-bulk, (b) SB86-dryice, (c) 60B+40CeO2-bm, (d)
Yuan-CS.

(Figure 5 continues)
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(b)

(c)

(Figure 5 continues)
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(d)

Table 4 compares the particle sizes calculated from the SAXS-based particle size
distribution, by Guinier analysis and from the surface area data.
Table 4. Particle Sizes from SAXS and Porosimetery Data
Name 1

Diameter obtained
from Guinier
analysis 2, nm

Average
Spherical
Diameter 3, nm

Diameter obtained from
surface area 4, nm

SB86-bulk

17

38

71 5

SB86-dryice

14

18

82

60B+40CeO2-bm

14

24

37

Yuan-CS

14

14

64

1

The SAXS runs used were: SB86-dryice, first; 60B+40CeO2-bm, first; Yuan-CS, second.

2

This equivalent spherical diameter of the particles =

3

This average diameter was calculated by Irena Macros based on the volume size distribution.

(Table 4 notes continue)
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√ * Rg.

4

This equivalent spherical diameter was calculated using the surface area (SA), diameter =
, where ρ is the density of the particle calculated from the densities of the pure

components and their corresponding wt %’s. It ignores any intraparticle pores.
5

From Hanberry [5].
Multiple peaks in the size distribution plots of Fig. 5 may be caused by agglomeration.

The concave I vs Q curves also suggest that there was agglomeration in the samples [39]. Some
of the smaller ones may be artifacts due to the noise resulting from the limitations of the
experiment. The first peak always dominates (except for 60B+40CeO2-bm, where the first two
peaks are of similar area), which implies that the major species present in the solvent were the
non-agglomerated particles. For SB86-bulk, the calculated diameter from Guinier analysis
disagrees to a greater extent with the average from the size distribution, but the high Q region
showed a lot of noise and could not be used in either analysis, so the poorer accuracy is not
surprising. This indicates that the SAXS data for SB86-bulk are probably less reliable.
All the feed particles are not very porous except for CeO2-bulk [5]. The SEM data for the
pure boron particles showed that their shape was generally spherical [40]. Nevertheless, the
diameters obtained from SAXS for 60B+40CeO2-bm were still smaller than the diameter
obtained from the surface area, which means that the particles were less agglomerated in the
SAXS experiment.
In fact, the average spherical diameters based on the SAXS data – either from the size
distributions or the Guinier analyses - are always smaller than the diameters calculated from the
surface areas, which suggests that in all cases the particles broke into smaller ones upon
dispersion in the solvent. But the dispersion of the particles to separate them is a necessary
condition for SAXS analysis. Because such dispersion could also occur when the particles are
- 38 -

fluidized in a swirl-type combustor, the SAXS diameters could be more representative of the
particles’ actual state when they are used. This justifies the additional SAXS characterization. So
the diameters obtained from the surface areas, while certainly characteristic of the initial state of
the particles, should not be treated as constants for all possible processing steps.
3.4 X-ray diffraction (XRD)
XRD was performed to determine the crystalline phases present in the particles at MCC,
and at CAMD (for 80B+20Fe-bm). Figure 6 shows representative XRD patterns for dry
synthesized B/Fe and B/CeO2 particles, SB-86-bm, the wet synthesized B/Fe particles and the
commercial Fe nanoparticles. The 80B+20Fe-bm data were compared to see if there were peak
location (2) differences between them, or between the measured and database values. Only two
phases appeared possible here: (Fe9B)0.2 (JCPDS PDF# 01-077-7049) should give peaks at 44.8˚,
65.2˚, 82.6˚; Fe (bcc) (JCPDS PDF# 00-006-0696) should give peaks at 44.7˚, 65.0˚, 82.3˚. The
MCC XRD pattern for 80B+20Fe-bm (Fig. 6c) shows peaks at 44.6˚, 65.0˚, 82.3˚, while the
CAMD XRD pattern for 80B+20Fe-bm (Fig. 7) shows peaks at 44.7˚, 65.0˚, 82.3˚. So both
patterns agree with the database and with each other on the 2 values, and either XRD can be
used to accurately determine 2 values.
The original boron nanoparticles and SB86-bm showed no significant peaks, and so they
are amorphous. The Fe nanoparticles (Figure 6c) showed peaks at 2θ = 44.7ºand 65.0º, and they
were identified as Fe (bcc) peaks at 44.7ºand 65.0º, (JCPDS PDF# 00-006-0696). The B/Fe
core-shell particles, while mostly amorphous (Fig. 6d), do show a small peak at 2θ = 38.1˚; this
peak is shifted from the characteristic peak of tetragonal boron at 36.8˚ (JCPDS PDF# 031-0206),
probably due to disorder, which may result from Fe substitution. These particles also showed
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peaks at 2θ = 35.5-35.8˚ and 62.5-62.6º. For Tartaj-CS both peaks are weak; these are typical
peaks for β-Fe2O3 at 35.7˚ and 62.9˚ (JCPDS PDF# 01-076-3169). However, none of these
particles show peaks characteristic of crystalline Fe. This is in agreement with the result of Shen
et al. [30] who produced amorphous Fe particles in their study by a similar synthetic procedure.
So it is not unusual that the core-shell particles synthesized here contained primarily amorphous
Fe. The TGA results clearly showed that all of these core-shell particles contain primarily
elemental Fe and not Fe2O3.

(a)

Figure 6. Representative XRD patterns. (a) SB6-bm and SB86-dry ice particles, (b) CeOx-bulk
and B/Ce particles, (c) Fe nanoparticles, B/Fe ball milled and dry ice milled particles, (d) YuanCS.

(Figure 6 continues)
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(b)

(c)

(Figure 6 continues)
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(d)

As for the ball milled and dry ice milled particles (Figure 6c), they showed peaks at 44.6˚,
65.0˚ and 82.3˚, and these are peaks for Fe (bcc) at 44.7˚, 65.0˚ and 82.3˚ (JCPDS PDF# 00-0060696). There is also a very small peak at 38.1-38.6˚, again probably the largest peak for
tetragonal boron (36.8˚, JCPDS PDF# 031-0206), shifted from the database XRD pattern due to
disorder arising from Fe substitution. These peaks were also found in the XRD data collected at
the synchrotron beamline at similar locations (Figure 7), but with higher intensities.
As stated previously, the low elemental boron content in the 80B+20Fe-bm particles may
be caused by the formation of the alloy (Fe9B)0.2, if this compound is harder to oxidize than
boron itself. The XRD experiment at the synchrotron beamline was performed in part to
determine if this phase exists. The intensity ratio (the intensity of the 1st peak divided by the 2nd
peak) for 80B+20Fe-bm is 5.16 experimentally, while the intensity ratio from the ICDD database
for (Fe9B)0.2 (JCPDS PDF# 01-077-7049) and Fe (bcc) (JCPDS PDF# 00-006-0696) are 5.77 and
3.33, respectively. The peak locations are 44.6˚, 65.0˚, 82.3˚ for 80B+20Fe-bm compared to
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44.8˚, 65.2˚, 82.6˚ for (Fe9B)0.2, and 44.7˚, 65.0˚, 82.3˚ for Fe (bcc). So while there could be
some (Fe9B)0.2 in 80B+20Fe-bm, according to the intensity ratio, the peak locations themselves
suggest that it is more likely Fe (bcc).

Figure 7. Extended XRD analysis for 80B-20Fe-bm at CAMD.
B/Ce ball milled particles (Figure 6b) showed peaks at 28.9˚, 33.4˚, 47.7˚ and 56.6˚.
These peaks were identified as characteristic of the fluorite CeO2 phase peaks at 28.7˚, 33.3˚,
47.8˚ and 56.8˚ (JCPDS PDF# 34-0394). Clearly the CeO2 is much more crystalline than the
boron in these composites. Also, boron didn’t form a crystalline phase, unlike the B/Fe dry
synthesized particles.
The particle sizes of the major crystalline phases were estimated by Scherrer equation:

crystal size =

(3.4.1)
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where K is the shape factor, assuming the typical value of 0.9, λ is the wavelength of the source,
at MCC 0.154 nm (Cu K) and at CAMD 0.152 nm (obtained by refining with a NIST LaB6
standard), and FWHM is the full width of the peak at half height. The results are displayed in
Table 5. These calculated crystal sizes are larger than the Guinier dimensions obtained from
SAXS, but are both larger and smaller than the equivalent spherical particle sizes estimated from
the surface areas. Where the calculated crystal sizes are for an Fe or CeO2 phase in a composite
there is no reason to expect agreement between XRD and surface area results, because the
majority particles would be mostly boron. But where they are for the boron phase, agreement
might be expected and as seen for the wet-chemical core-shell synthesized particles, there is
rough agreement.
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Table 5. Estimated particle sizes by various methods
Name

Composition 1

Crystalline
phase and its
estimated
diameter 2,nm

Location of
the peak 3

Diameter
obtained
from surface
area 4,nm

SB86-bulk

100 % SB86 bulk particles

(B) 28 5

36.8˚ 5

85

SB86-dryice

SB86 bulk particle milled
with dry ice

(B) 28

36.8˚

82

CeO2-bulk

Commercially purchased
CeO2 nanoparticle

(CeO2) 27

47.8˚

22

80B+20CeO2-bm

80 % boron + 20 % CeO2

(CeO2 ) 23

47.7˚

49

(CeO2) 24

47.9˚

37

ball-milled
60B+40CeO2-bm

60 % boron + 40 % CeO2
ball-milled

Fe nanoparticles

100 % Fe

(Fe) 54

44.7˚

NA

80B+20Fe-bm

80 % boron + 20 % Fe

(Fe) 20

44.7 ˚

100

(CAMD data)

(Fe) 56

44.7˚

80B+20Fe-dryice

80 % boron + 20 % Fe
milled with dry ice.

(Fe) 36

44.6˚

66

Shen-CS

Core-shell synthesized
90 % boron + 10 % Fe

(B) 60

38.1˚

49

Yuan-CS

Core-shell synthesized
90 % boron + 10 % Fe

(B) 48

38.1˚

64

Tartaj-CS

Core-shell synthesized
90 % boron + 10 % Fe

(B) 54

38.1˚

42

ball-milled (MCC data)

1

Wt %. All of them are MCC XRD data, except where noted.
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2

This diameter was calculated using the Scherrer equation, setting K equal to 0.9.

3

This is the 2θ value of the peak used in the Scherrer equation.

4

This diameter was calculated from the surface area assuming spherical particles, diameter =

.
5

From Hanberry. [5]
Size estimated from the surface area is a good estimation except for the porous particles,

for example, those using REOM-41. However, it should work for the B/CeO2 particles, because
the commercial CeO2 particles are less porous. For example, the estimated diameter for
80B+20CeO2-bm calculated for a physically mixed composite material is 58, only slightly
greater than 49 nm, the diameter obtained from the surface area. The estimated diameter was
computed from the summation of the wt%’s of the components multiplied by their corresponding
surface areas, then assuming spherical geometry. The size for the ball milled B/CeO2 particle is
smaller than its simple physical mixture should be, and this suggest that the ball milling
procedure did reduce the particle size, as expected.
The diameters obtained from the Scherrer equation (3rd column in Table 5) describe only
the crystalline phases of the particles. The more the diameters obtained from the Scherrer
equation deviate from the diameters obtained from the surface areas, the less of the crystalline
phase there can be in the particles, or the more agglomerated these particles must be. The
mismatch for the pure boron nanoparticles is especially noticeable (Table 5), and this agrees with
the XRD data (Fig, 6c) showing that they are mostly amorphous, and also the SAXS data (Fig. 5
a and b) suggesting that agglomerates of more fundamental particles exist. For the core-shell
synthesized particles, the peak position for boron has shifted from 36.8˚ to 38.1-38.6˚; as
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discussed previously, this shift is due to disorder possibly caused by Fe substitution, so the coreshell synthesized particles could contain some Fe substituted into boron crystalline matrix.
.
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Chapter 4
Conclusions
Adding Fe to boron reduced the ignition temperature of boron in a temperature
programmed oxidation, and thus may enhance boron combustion in a commercial combustion
process. However, B/Fe ball-milled particles require a low temperature for the milling process,
because Fe nanoparticles catalyzed some boron combustion even at room temperature during the
milling process. Core-shell synthesized B/Fe particles showed higher elemental (zero valent)
boron contents than their ball-milled counterparts, and for them the Fe also reduced the ignition
temperature of boron. The B/REO particles did not show as great a reduction in their ignition
temperatures, but their elemental boron contents were relatively high. Again, the particles milled
at lower temperature showed higher elemental boron contents.

As for the wet chemical synthesis techniques, it was determined that the optimal reaction
time at ambient temperature was ~2 h. Longer times resulted in more boron oxidation by an O2
impurity. Among the three syntheses, the one using KBH4/FeSO4/NaOH with octadecanol
surfactant, at pH = 12 and ambient temperature, was the best. It gave a highly amorphous
composite with a high elemental boron content.

There was some deviation between the bulk composite chemical formulas computed
based on the results from temperature programmed oxidation (TGA) and elemental analysis (ICP)
methods. These deviations may have resulted from improperly calibrated ICP measurements of
boron content, and so the TGA-based formulas are probably more reliable in describing the bulk
composition of the nanoparticle composites.
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SAXS data indicated that the particles can be easily broken into sizes smaller than their
initial agglomerated sizes, and this could be the same situation when the particles are fluidized in
a combustor. According to XRD data, core-shell synthesized B/Fe particles contain some Fe
substituted into a boron crystalline matrix, while for B/CeO2 composites, the CeO2 remains
crystalline, but the boron particles remain generally amorphous. This was also the situation for
B/Fe ball-milled composites, where the oxidized Fe formed Fe2O3, while the boron remained
mostly amorphous.
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